Though fetal arrhythmias account for a small proportion of referrals to a fetal cardiologist, they may be associated with significant morbidity and mortality. The present review outlines the current literature with regard to the diagnosis and, in brief, some management strategies in fetal arrhythmias.
Introduction
Abnormalities of fetal rhythm account for about 10-20% of referrals to fetal cardiologists. Though the mechanisms of arrhythmia in the fetus have many similarities to postnatal arrhythmia mechanisms, there are several developmental and functional aspects that are unique to the fetus. Our understanding of arrhythmia mechanisms in the fetus is gradually expanding in the current era, with the application of newer technologies such as magnetocardiography (MCG) and more evolved echocardiographic techniques to the study of fetal rhythm disturbances. There are several issues yet to be resolved. It is hoped that in the future there will be a more consistent and scientific approach to the management of fetal arrhythmias. The present review outlines the current approach to the diagnosis and management of fetal arrhythmias and recent research elucidating the mechanism of tachycardia and outlines some areas of future research.
Evaluation of fetal arrhythmias
Currently, echocardiography is the most widely used tool for diagnosis and follow-up of fetal arrhythmias in clinical practice. This involves inferring the electrical events by temporal mapping of mechanical events, such as atrial or ventricular contraction or both (by M-mode, Doppler tissue imaging), or their functional consequence, such as flow (by Doppler) or a combination of the two (by color M-mode). M-mode tracings obtained by incorporating atrial and ventricular contractions are widely used to determine the sequence of electrical events but are often limited by poor signal quality. Incorporating color flow information (color M-mode tracings) often allows for optimization of low-intensity atrial signals. Recent reviews outline the methodology in greater detail [1 ] . Dancea et al. [2] and Fouron et al. [3] described the use of simultaneous Doppler signals from the superior vena cava (SVC) and aorta in arrhythmia analysis. Apart from the identification of temporal events, Doppler techniques lend themselves to the measurement of various time intervals and classification of supraventricular tachycardia (SVT) into 'long' or 'short' ventriculoatrial tachycardia, similar to the usage of 'PR' intervals on postnatal ECG (Fig. 1) . It is sometimes difficult to obtain optimal 'atrial' tracings because of angle dependence and fetal position. Similar information can be obtained from a pulmonary vein and pulmonary artery [4] . Doppler evaluation is also used for the evaluation of 'mechanical PR intervals' as a surrogate for 'PR' interval measured on ECG or MCG [5, 6, 7 ] (Fig. 2 ).
Tissue Doppler analysis using myocardial depolarization signals with selected simultaneous sampling sites in the fetal atrium and ventricular myocardium has shown better correlation with intervals obtained by ECG [8] [9] [10] .
Echocardiography also has an important role in sequential follow-up of fetuses with arrhythmias and in the assessment of functional consequences of arrhythmia such as myocardial function, valvular regurgitation and evolution of hydrops [11, 12] . It is important to recognize that changes in venous Doppler may occur as a consequence of the arrhythmia itself [13, 14] .
Fetal electrocardiograms (fECGs) are hampered by the low intensity of fetal signal and the need for signal averaging to assess 'P' wave morphology [9] . This precludes their use in real-time arrhythmia analysis at this time, though commercial units with improved algorithms are now available in some countries and are being evaluated clinically [15 ] . The STAN ECG system provides ST segment analysis but is only applicable using a direct scalp electrode during labor [16] . Arrhythmia mechanisms have also been studied using magnetocardiograms [7 ,8-14,15 ,16-21,22 ,23 ] . This technique detects small magnetic fields that are associated with cardiac electrical signals. Maternal signals are identified and subtracted, allowing for the identification of fetal magnetocardiograms (fMCGs) that are similar to fECG signals. Temporal data as well as signal-averaged and realtime fMCG tracings can then be analyzed (Fig. 3 ). The main limitation of the study remains the limited availability of the technique and the need for a magnetically shielded room for the study. Recent reports of success in an unshielded environment allow one to be hopeful of increasing mainstream application of this exciting technology [24, 25] .
Irregular rhythms
An irregular rhythm is the most common cause of fetal arrhythmia seen in clinical practice. Most are caused by frequent ectopic beats. Ectopic beats are usually atrial in origin, though occasionally they are ventricular in origin. Atrial ectopic beats are most common in the late second trimester through term and are associated with a 2-3% risk of tachyarrhythmias or other comorbidity [26 ,27 ] . Some are conducted and some blocked, resulting in an irregular rhythm or a short pause, respectively.
Ventricular ectopic beats are much less common. In the absence of underlying heart defects, complete atrioventricular block (CAVB), long QT syndrome (LQTS) or myocarditis, they are thought to be benign [26 ] . They are identified by the earliest activation being in the ventricle with either a regular atrial rate or a longer compensatory pause. Further studies of isolated premature ventricular complexes are needed.
Most ectopic beats are benign and do not need any specific intervention. An evaluation by a fetal cardiologist or perinatologist to rule out associated lesions is recommended. Cuneo et al. [28] noted a 2.6% incidence of conduction abnormalities as assessed by Doppler and fMCG in the setting of an irregular rhythm. Because of the small risk of sustained tachycardia, weekly Doppler assessment of heart rate (HR) in the obstetric office is recommended. Frequent atrial bigeminy or atrial couplets may suggest a higher risk for sustained tachyarrhythmia and merit reevaluation [29] . Kick counts help assess fetal well-being. Any rapid increase in abdominal girth merits evaluation to rule out hydrops. If ectopy persists through the term, an ECG on the neonate to assess for conduction abnormalities may be beneficial.
Tachyarrhythmia
Tachyarrhythmias are defined as fetal HRs of more than 180 beats per minute (bpm) [14,19,23 ,26 ,30] . These are broadly classified as sinus tachycardia, SVT, atrial flutter and ventricular tachycardia. Advances in noninvasive evaluation outlined above have helped distinguish likely mechanisms in most cases of fetal tachycardia, though there are several limitations. The algorithm for the evaluation of tachycardia mechanisms based on echocardiographic findings is outlined in Fig. 4 .
Sinus tachycardia may rarely present with fetal HRs of 180-200 bpm. This may be seen in the setting of maternal pyrexia, use of stimulants, maternal thyrotoxicosis or fetal systemic disease such as anemia, fetal distress and rare infections [14,26 ,31] . A gradual increase or decrease in 524 Cardiovascular medicine fetal HR, lack of abrupt initiation or breaks and preserved HR variability in the setting of 1 : 1 atrioventricular conduction and normal atrioventricular conduction times would suggest sinus tachycardia rather than SVT.
SVT as defined by nonsinus mechanism, 1 : 1 atrioventricular conduction and HRs above 180 bpm account for the majority (70%) of fetal tachyarrhythmia. They encompass tachycardias because of different mechanisms. (1) Short 'ventriculoatrial' tachycardias, in which the 'ventriculoatrial' interval is less than half of RR interval, usually involve reentry mechanisms including atrioventricular reentry (AVRT) using a bypass tract or atrioventricular nodal reentry (AVNRT). As retrograde activation of the atria occurs shortly after ventricular activation, a short 'ventriculoatrial' interval is noted on Doppler evaluation. Using MCG, Strasburger et al. were able to show that complex mechanisms were involved in the initiation and maintenance of tachycardia in fetuses. Premature atrial contractions are also common [19] . Preexcitation is noted in about 30% of cases [32, 33] . Tachycardia typically shows a sudden onset and cessation and may be intermittent or sustained (present >50% of time in a 24-h period). (2) Long 'ventriculoatrial' tachycardias include atrial ectopic tachycardia or paroxysmal junctional reciprocating tachycardia (PJRT). These can often be difficult to distinguish from each other with echocardiography, though use of tissue Doppler imaging (TDI) has shown promise. Atrial ectopic tachycardia is secondary to an automatic ectopic focus [31] . Gradual warm up and cool down and variable atrioventricular conduction times may be noted. PJRT, on the contrary, is due to reentry using a slow conducting parahisian pathway that conducts retrograde with resultant delayed atrial activation and reentrant tachycardia. PJRT is usually incessant and difficult to treat and may be associated with tachycardia-mediated cardiomyopathy and cardiac failure due to the incessant nature of the tachycardia.
Atrial flutter accounts for about 30% of cases of fetal tachycardia [31, 34, 35] . These are typically associated with high atrial rates of around 300-500 bpm and slower ventricular response in the setting of variable atrioventricular conduction. There is a high incidence of associated reentry in fetuses with atrial flutter, with reentry being noted in about 70% of cases [32, 36, 37] . Atrial flutter is usually noted later in gestation.
There are very few multicenter organized studies with regard to the management and drug therapy for SVT; however, several excellent institutional reviews and general guidelines are available, with more recent publications outlining a more systematic approach based on arrhythmia mechanism [23 , 32, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . The decision to treat or not to treat depends upon several factors including mechanism of tachycardia, persistence, fetal gestational age and well-being and the presence or absence of associated congenital heart disease (CHD). Sustained tachyarrhythmia may affect fetal well-being and result in hydrops due to impaired ventricular filling, altered flow patterns across the foramen ovale or cardiac dysfunction in the setting of incessant tachycardia. Left-sided pathways and atrial flutter were noted to be associated with hydrops earlier, presumably secondary to altered flow across the foramen ovale [50] .
In general three options are available: no treatment with close monitoring, transplacental drug therapy and, finally, delivery of fetus [51] . It is important to recognize that intermittent tachycardia in the fetus, especially later in gestation, is well tolerated and may not necessarily require transplacental therapy or emergent delivery in the absence of hydrops. In such cases, in-hospital monitoring of the fetus for 12-24 h to assess arrhythmia frequency and fetal well-being is recommended. Intermittent arrhythmias (<50% of time) in a healthy fetus can then be monitored on an outpatient basis. Close follow-up with repeat ultrasounds to assess rhythm and fetal well-being once or twice a week is recommended. On occasions, arrhythmia frequency may increase or concerns of fetal well-being may prompt hospital admission and institution of drug therapy or delivery if the fetus is near term. Rare cases of hydrops and neurologic sequelae have been reported in the setting of intermittent tachycardia [40, 52] .
The comparison of some of the studies on the management of fetal tachyarrhythmia is shown in Table 1 526 Cardiovascular medicine [ 38, 40, 41, 43, [45] [46] [47] [48] . Over the recent years, there has been an increasing recognition of the potential risks of proarrhythmia to both the mother and the fetus. The efficacy of transplacental therapy is highly dependent on the pharmacokinetics of a given drug, its ability to cross the placenta and fetal bioavailability [23 ,26 ]. For example, transplacental transfer of digoxin is significantly impaired in the presence of hydrops fetalis, whereas sotalol has been shown to have good transfer. On the contrary, higher levels of flecainide have been noted in the fetal amniotic fluid and conduction delay noted on ECG in infancy [53] [54] [55] . In general, digoxin continues to be the first line of therapy in the absence of fetal hydrops. Second-line agents for refractory SVT or the presence of hydrops or both include sotalol, flecainide or amiodarone. Agents used include propranolol, propafenone and procainamide amongst others. Direct fetal therapy with intramuscular digoxin in the setting of fetal hydrops has been reported [41, 56] . Intravenous adenosine by cordocentesis has been used to interrupt incessant reentrant tachycardia or to exclude atrial flutter. Adenosine has a transient effect and is typically used in association with other antiarrhythmic agents to control the tachycardia. Finally, delivery and postnatal management of the arrhythmia, if persistent, is an option in the mature near-term fetus. The underlying arrhythmia makes fetal monitoring during pregnancy and labor challenging at times. However, adding the risks of prematurity is not doing the fetus a favor, and hence this should be reserved for patients with persistent, difficult-to-treat arrhythmias and associated fetal hydrops, in which transplacental or direct therapy or both have failed and the fetus is of a reasonable gestational age. Because of the real potential for proarrhythmia and adverse outcomes, a coordinated multidisciplinary approach including perinatologists, fetal cardiologist, adult cardiologist and neonatologist is beneficial.
Ventricular tachycardia is rare and may present with ventricular rates of more than 180 bpm in the setting of atrioventricular dissociation. Atrial rates are normal, or rarely 1 : 1 retrograde ventriculo-atrial rates secondary to retrograde atrial activation are noted. This makes diagnosis by echocardiography challenging, though TDI has been helpful in identifying the earliest activation in the ventricular myocardium. Ventricular tachycardia is usually seen in the setting of underlying conduction abnormalities such as CAVB, fetal myocarditis or LQTS [14,22 ,26 ,57,58] . MCG has been very useful in the prenatal detection of LQTS and the quantification of arrhythmias [59] . Regional referral should be considered in cases with a strong family history of LQTS or in the presence of atypical echocardiographic findings or both. Prenatal transplacental therapy with lidocaine and magnesium sulphate, mexiletine and beta-blockers has been reported [57, 59] .
Bradyarrhythmias
Brief episodes of transient bradycardia that resolve within a couple of minutes are often noted and are benign. Fetal bradycardia, defined as persistent fetal HR of less than 100 bpm, may be secondary to sinus bradycardia, blocked atrial bigeminy or high-grade atrioventricular block. Bradycardia from different causes may present with similar effective HRs and hence needs echocardiographic evaluation to distinguish between them.
Sinus bradycardia
Persistent sinus bradycardia below 100 bpm is rare and can be seen in the setting of sinus node dysfunction Overview of fetal arrhythmias Srinivasan and Strasburger 527 The mortality for fetuses with hydrops has been specified, as proarrhythmia accompanying antiarrhythmic treatment can be judged most effectively in the very ill. Multidrug, more than two drugs used in management. ? is used where the data is not clear from the article.Adapted with permission from [14] .
associated with lower atrial focus in left atrial isomerism, fetal distress, hypoxia and acidosis, congenital LQTS and sinus node dysfunction. Sinus bradycardia is identified by one-to-one atrioventricular relationship on echocardiogram with a slow atrial rate. Atrioventricular conduction times are usually within normal limits in the absence of significant CHD. It is advisable to correlate with Doppler methods, as blocked premature atrial beats may be missed on M-mode, leading to a wrong diagnosis of sinus bradycardia.
Occasionally, frequent blocked premature atrial beats in atrial bigeminy or trigeminy may result in slow effective HRs in the range of 70-90 bpm. Typically, these resolve with fetal activity with normal acceleration of the sinus node and suppression of atrial ectopy. These are usually benign, and it is important to recognize the cause so as to avoid emergent delivery of a presumed fetus in distress. This needs to be differentiated from 2 : 1 block, in which every other atrial beat is conducted to the ventricles but the atrial-atrial (AA) interval is relatively constant, whereas the premature beats show a shorter AA interval.
Second and third-degree atrioventricular block
Altered conduction of atrial impulses to the ventricles resulting in variable conduction as in second-degree block or complete dissociation of the atria and ventricle as in CAVB is an important cause of fetal bradycardia.
In about 50% of cases, CAVB is associated with complex CHD, in particular heterotaxy and endocardial cushion defect or discordant atrioventricular connections as in congenital corrected transposition of the great vessels. This is generally associated with poor outcomes, with a less than 20% neonatal survival being reported [60, 61] . Survival was unlikely in the presence of ventricular rates of less than 60 bpm and hydrops. Currently there are few options for prenatal management of these fetuses. Administration of beta-sympathomimetics, such as oral terbutaline, may result in improved ventricular rates, but whether it results in improved survival is debatable [23 ,27 ,62 ] . Preterm delivery in the setting of hydrops is a consideration but the compounding risk of added prematurity and need for pacing must be considered.
Isolated CAVB in the fetus in the absence of CHD is usually immune-mediated in association with transplacental transfer of circulating antibodies to Ro (SSA) and La (SSB) antigens from the mother [7 ,22 ,23 ,29,62 ,63] . Often, mothers are asymptomatic, and antibodies are detected upon evaluation for fetal bradycardia. The risk for acquired heart block in the fetus in the setting of maternal anti-SSA and anti-SSB antibodies is around 2-3%, with a recurrence risk of 14-17%. Varying degrees of conduction abnormalities, ranging from transient firstdegree heart block to CAVB and hydrops, may be seen.
Features of myocardial dysfunction, cardiomyopathy and atrial as well as ventricular endocardiofibroelastosis have been reported in utero, as well as in about 10-15% of offspring [7 ,64,65] .
The pathogenesis is thought to be secondary to immunemediated inflammatory response and injury to the developing fetal myocardium and conduction tissue during a unique window in fetal cardiac development. The risk to the fetus appears to be maximal between 16 and 26 weeks of gestation. The precise mechanism by which an extracellular antibody meets with a normally intracellular antigen is currently the subject of intense research. The translocation of SSA/Ro and SSB/La to the surface in apoptotic cells has been shown. Clancy et al. [66, 67] have proposed that inhibition of the physiologic clearance of apoptotic cells by resident cardiomyocytes in the fetus by antigen binding of the apoptotic cells results in the accumulation of apoptotic cells and resultant inflammation and cell injury. However, the exact cascade of events in vivo is still under investigation [68, 69] . It is now well recognized that the mere presence of anti-SSA and anti-SSB antibodies is not enough, as evidenced by the low rates of involvement and discordant manifestations in twin pregnancies and the fetal-specific nature of the disease, that is, the lack of maternal involvement.
CAVB carries a significant mortality of about 18-40%, mainly fetal and neonatal, and morbidity (pacemaker and risk for congestive cardiomyopathy). Atrioventricular conduction times (mechanical PR interval) by Doppler techniques are commonly used in fetal surveillance in an attempt to diagnose the 'at-risk' fetus prior to the onset of complete heart block (Fig. 2) . By definition, this would be longer than the electrical PR interval measured by ECG or MCG due to the inclusion of the isovolumic contraction phase of the ventricle [9] . The 'normal' values for mechanical PR interval in the fetus are 0.12 AE 0.02, as obtained by the mitral A-wave/aortic outflow method [31] . There is controversy with regard to the 'upper limit of normal' for fetal mechanical PR intervals depending on a cutoff of þ2 versus þ3 SD. Using a more liberal cutoff of 0.14 s, Sonesson et al. [70] were able to show 'PR' prolongation, some transient, in as many as 30% of fetuses in pregnancies complicated by anti-SSA antibodies. Using MCG, Zhao et al. [22 ] observed the presence of junctional ectopic tachycardia or ventricular tachycardia in about 30% of fetuses with recent-onset third-degree heart block likely representing a unique window in the pathogenesis. Cuneo et al. [71] were able to show differences in HR reactivity and response to terbutaline in those with immune-mediated CAVB compared with those associated with CHD.
Unfortunately, there are no reliable markers to predict which fetus will go on to develop immune-mediated CAVB in the setting of maternal anti-SSA and anti-SSB antibodies. In some, CAVB may set in rapidly within the course of a week, and the gradual progression through first to CAVB either is rapid or does not happen. Moderate tricuspid regurgitation, decreased cardiac function or atrial endocardiofibroelastosis or all three could be potential markers of an 'at-risk' fetus [7 ] . There is some evidence that early use of anti-inflammatory agents such as dexamethasone or betamethasone, both fluorinated steroids that cross the placenta effectively, may modify the course of the disease by limiting the inflammation and resulting in improvement in rhythm, cardiac function and resolution of hydrops in CAVB. By using a systematic protocol, Jaeggi et al. [62 ,72] were able to show an increase in 1-year survival from 47 to 95%. Transient or stable first-degree heart block or both in utero have been reported both with and without steroid use. Chronic steroid therapy does have significant associated risks [57] . Maternal and neonatal plasmapheresis has been used with variable success [23 ,49] . Fetal ventricular pacing has been attempted without success because of the lack of atrioventricular synchrony and, presumably, myocardial dysfunction. No significant long-term sequelae were identified in fetuses surviving CAVB and hydrops in a small series, though others have shown persistent fetal and neonatal growth restriction [73, 74] .
Finally, in a small subset of fetuses, transient seconddegree heart block may be seen in the absence of CHD or immune-mediated injury. In this subset, congenital LQTS should be evaluated, especially if associated with sinus bradycardia or intermittent ventricular arrhythmias. Most of these isolated cases of fetal 2 : 1 block have had a good prognosis [75] . It is unknown if this represents a normal developmental maturational process, now noted because of enhanced surveillance.
Conclusion
In summary, the last decade has seen a significant advancement in methods of assessment of rhythm abnormalities available to the fetal cardiologists. Application of newer techniques such as MCG is advancing our knowledge of fetal electrophysiological properties. Recent reports of possible application of a portable MCG system, along with advances in fetal ECG recording, hold promise of extending these newer methods to routine clinical practice. Multicenter studies are required to evaluate different therapies for arrhythmia management, patient selection, and acute and long-term effects of antiarrhythmic use. Significant gaps still exist in our understanding of the unique electrophysiological and maturational properties of the fetal conduction systems. The role of repolarization abnormalities and their potential implications in sudden fetal death remain to be explored further.
